Intestinal ischemia-reperfusion (I/R) is an important event in the pathogenesis of multiple organ dysfunction syndrome (MODS). The aim of this study is to determine the effects of ginsenoside Rb1 on liver injury induced by intestinal I/R in rats. Adult male Wistar rats were randomly divided into four groups: (1) 
Introduction
Intestinal ischemia-reperfusion (I/R) is an important event in the pathogenesis of multiple organ dysfunction syndrome (MODS) (Antonsson et al., 1991; Poggetti et al., 1992a; Turnage et al., 1996; Pierro et al., 2004) . Although ischemia by itself induces little damage, reperfusion of the previously ischemic organ can yield to remote organ injury and life threatening multiple organ failure (Poggetti et al., 1992b; Amersi et al., 1999) . The liver is the first organ injured and the important 'distance' organ affected by intestinal I/R because of the washout of toxic substances from the reperfused intestine (Horie et al., 1996; Horie et al., 2001; Leister et al., 2002) . However, the mechanisms responsible for the liver injury caused by intestinal I/R are not clearly defined.
The pathogenesis of multiple organ failure after intestinal I/R is multifactorial, but the development of oxidative injury with a subsequent systemic inflammatory response appears to play a pivotal role (Cuzzocrea et al., 2000; Kalia et al., 2001) . Oxidants and inflammatory mediators such as oxygen-derived free radicals, neutrophils and cytokines have been considered to exert their effects via a direct toxic action on target cells. However, recent studies have shown that these mediators are regulated by NF-κB family of transcription factors, which is a key regulator of inflammatory gene expression. It has been shown that NF-κB plays an important role in intestinal I/R (Yao et al., 2007) .
Ginsenosides, which are glycosides containing an aglycone (protopanaxadiol or protopanaxatriol) with a dammarane skeleton, are the major effective components of ginseng and have been shown to have a wide variety of biological activities including immunomodulatory effects, antioxidant, anti-inflammatory and anti-tumor activity (Kenarova et al., 1990; Attele et al., 1999; Shibata, 2001; Park et al., 2003) .
Ginsenosides are normally fractioned into two groups based on the types of aglycone, namely the panaxadiol group (e.g., Rb1 and Rc) and the panaxatriol group (e.g., Rg1 and Re). Ginsenoside Rb1 (Rb1), one of the panaxadiols, has a beneficial effects on lung, cerebral and cardiomyocyte I/R injury (Zeng et al., 2003; Geng et al., 2005; Li et al., 2005) . But effect of Rb1 on intestinal I/R injury and liver injury induced by intestinal I/R has not been reported. In this paper, we used intestinal I/R model to investigate the influence of Rb1 on liver injury and NF-κB activity induced by intestinal I/R. (Wuhan, China) and dissolved in saline. The aspartate aminotransferase (AST) and alanine aminotransferase (ALT) kits were obtained from AusBio Laboratories (Beijing, China). The malondialdehyde (MDA) and myeloperoxidase (MPO) assay kits were obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). TNF-α ELISA assay kit was obtained from R&D Systems, Inc (Minneapdis, MN). Antibodies for NF-κB and α-actin were purchased from Santa Cruz Biotechnology, Inc (Santa Cruz, CA). Nuclear Extract Kit was purchased from Active Motif, Inc (Carlsbad, CA). Antibody for ICAM-1 was purchased from Boster Biological Technology (Wuhan, China). All other chemicals used were of the highest grade available commercially. The molecule structure of Rb1 is shown in Figure 1 .
Materials and Methods

Materials
Experimental protocol
The animals were anesthetized with sodium pentobarbital (50 mg/kg) intraperitoneally. The intestinal I/R model was established by SMA occlusion. Rats were assigned randomly into one of four experimental groups (n = 10 in each group) as follows: (1) a control, sham-operated group (sham group) that underwent isolation of the SMA without occlusion; (2) an intestinal I/R group (I/R group) subjected to 1 h intestinal ischemia and 2 h reperfusion after the SMA had been isolated and occluded (Megison et al., 1990 ) with administration of 10 ml/kg saline intraperitoneally before reperfusion; (3) a 20 mg/kg Ginsenoside Rb1 (2 mg/ml, dissolved in saline, 10ml/kg) treated group (Rb1-20 group), in which surgery was performed as in the intestinal I/R group with administration of 10 ml/kg 2% Ginsenoside Rb1 intraperitoneally before reperfusion; and (4) a 40 mg/kg Ginsenoside Rb1 (4 mg/ml, dissolved in saline, 10 ml/kg) treated group (Rb1-40 group), in which surgery was performed as in the intestinal I/R group with administration of 10 ml/kg 4% Ginsenoside Rb1 intraperitoneally before reperfusion. Liver and intestinal tissues, as well as blood samples, were obtained for analysis at the end of the 2 h reperfusion period.
Liver and intestinal histopathological assessment
The left lobe of the liver and isolated intestine were cut into sections and fixed in 40 g/L formaldehyde. After being embedded in paraffin, 4 μm sections were stained with haematoxylin and eosin for light microscopy. Intestinal damage was evaluated by a pathologist who scored the histology using the system described by Chiu et al. (1970) as follows: Grade 0, normal mucosa; Grade 1, subepithelial space developing at the tip of the villus; Grade 2, extension of the subepithelial space with moderate lifting of the epithelial layer from the lamina propria; Grade 3, some denuded tips of the villi and massive lifting of the epithelial layer; Grade 4, dilated and exposed capillaries and denuded villi; and Grade 5, haemorrhage, ulceration and disintegrated lamina propria.
Pathological scores of liver sections were evaluated as reported previously (Eckhoff et al., 2002) . Briefly, liver biopsies were evaluated by a pointcounting method for the severity of hepatic injury with the use of the ordinal scale: Grade 0, minimal or no evidence of injury; Grade 1, mild injury consisting in cytoplasmic vacuolation and focal nuclear pyknosis; Grade 2, moderate to severe injury with extensive nuclear pyknosis, cytoplasmic hypereosinophilia, loss of intercellular borders and mild to moderate neutrophil infiltration; and Grade 3, severe injury with disintegration of hepatic cords, haemorrhage and severe polymorphonuclear leucocyte infiltration. On average, 100 adjacent points on a 1 mm 2 grid were graded for each specimen (n = 4).
Measurement of serum AST, ALT
Serum levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), in U/L, were measured using an Olympus automatic analyzer (AU1000; Olympus Optical, Tokyo, Japan).
Intestinal and liver MDA assay
The intestinal and liver tissues were harvested and immediately homogenized on ice in 5 volumes of normal saline. The homogenates were centrifuged at 1200 g for 10 min. The MDA level in the supernatant was measured using an MDA assay kit according to the manufacturer's instructions.
Liver MPO and TNF-α assay
Neutrophil infiltration into the liver was assessed indirectly by measuring the MPO activity. The liver tissues were harvested and immediately homogenized on ice in 5 volumes of normal saline. The homogenates were centrifuged at 1,200 g for 10 min. The MPO and TNF-α level in the supernatant was measured using assay kits according to the manufacturer's instructions. One unit of MPO activity was defined as degrading 1 mmol hydrogen peroxide/g tissue at 37
o C and expressed as U/g.
Liver NF-κB and ICAM-1 immunohistochemical assays
Paraffin-embedded liver sections were stained using the streptavidin peroxidase (SP) immunohistochemistry technique for intercellular adhesion molecule-1 (ICAM-1) and NF-κB detection. After being dewaxed or washed in PBS, 4 μm sections were immersed in 3% hydrogen peroxide to eliminate intrinsic peroxidase, quenched in normal goat serum for 30 min, and the sections were incubated overnight at 4 o C with polyclonal rabbit anti-rat NF-κB p65 and ICAM-1 antibody, against purified recombinant NF-κB or ICAM-1. Then, anti-rabbit immunoglobulin and streptavidin conjugated to HRP were added. Finally, 3, 3'-diaminobenzidine (DAB) was used for colour development and haematoxylin was used for counterstaining. Brown staining in the cytoplasm and/or nucleus was considered an indicator of positive expression. With the Medical Image Analysis System HMIAS-2000 (Qianping Image Co., Wuhan, China), results were evaluated semiquantitatively according to optical density values of positive expression.
Liver NF-κB western blot analysis
Cellular nuclear proteins were extracted from frozen liver tissue with a nuclear extract kit according to the manufacturer's instructions. An equal amount of protein was loaded onto 10% SDS-PAGE at 100 V for 3 h. After electrophoresis, proteins were transferred onto nitrocellulose membranes at 200 mA for 2 h. The transferred membranes were incubated overnight at 4 o C with mouse polyclonal antibodies NF-κB p65 (1:1,000 dilution) against rat in PBS-T containing 5% skim milk. After washing three times in Tris phosphate-buffered sodium (TBS-T), membranes were incubated with antimouse IgG conjugated to HRP at a dilution of 1:2,000 in PBS-T containing 5% skim milk for 1 h at room temperature. The immunoreactive bands were visualized with enhanced chemiluminescence (ECL) and captured on X-ray film. Optical density of the bands was measured with a Gel imaging analysis system.
Statistical analysis
Mean ± S.D. values were calculated to summarize all outcome measurements. One-way analysis of variance (ANOVA) was used to compare the means of four groups and P ＜ 0.05 was chosen to indicate statistical significance.
Results
Effects of Rb1 on intestinal injury induced by intestinal I/R
Occluded small intestine showed a dark color and mild swelling after 1 h intestinal ischemia and 2 h reperfusion. H-E staining was carried out to determine the histological changes in the intestinal tissue. Histological evaluation was performed according to 
Effects of Rb1 on MDA level in intestinal and liver tissue
MDA is a kind of metabolism product of lipid superoxidation reaction, whose content reflects that of free radicals in tissue. Following 1 h of intestinal ischemia, reperfusion significantly increased intestinal tissue MDA levels in the I/R group compared with sham group. Administration of 20 mg/kg and 40 mg/kg Rb1 markedly decreased intestinal MDA level compared with the I/R group ( Figure 3A) . The data suggested that Rb1 markedly relieved intestinal mucosa damage and decreased MDA level in intestinal tissue with increasing dose of Rb1. We also examined the effects of Rb1 on MDA levels in liver tissue. At 2 h after intestinal I/R, liver tissue MDA levels was increased significantly in I/R group compared with sham group. Administration of 20 mg/kg and 40 mg/kg Rb1 significantly reduced MDA levels ( Figure 3B) . Results indicate that Rb1 ablated the liver injury induced by intestinal I/R in a dose-dependent manner.
Effects of Rb1 on liver injury induced by intestinal I/R Serum ALT and AST levels were measured in order to evaluate the effects of Rb1 on intestinal I/Rinduced liver injury. Following 1 h of intestinal ischemia, reperfusion significantly increased serum ALT and AST levels in the I/R group in comparison with the sham group. Treatment with 20 mg/kg and 40 mg/kg Rb1 markedly decreased serum ALT and AST levels compared with the I/R group (Figure 4) . Similar to the effects on serum ALT and AST levels, Rb1 could alleviate liver histology injury at 2 h after intestinal reperfusion. In Figure 5 , the liver lobes in the I/R group show pathological changes, including oedema, haemorrhage and PMN infiltration. And the pathological score of liver was higher than sham group. Significant amelioration of histological oedema, haemorrhage and inflammatory cell infiltration was seen in the 20 and 40 mg/kg Rb1 treated groups and the pathological score was lower than that of the I/R group.
Effects of Rb1 on TNF-α level in liver tissue
In order to investigate the mechanism of Rb1 protective role on liver injury, we studied the effects of Rb1 on the TNF-α level in liver tissue. Compared with the sham group, liver tissue TNF-α level increased significantly in I/R group. Administration of 20 mg/kg and 40 mg/kg Rb1 significantly reduced TNF-α level compared with I/R group. The data suggested that Rb1 decreased TNF-α level in a dose-dependent manner ( Figure 6 ).
Effects of Rb1 on MPO activity in liver tissue
Neutrophils infiltration in liver tissue played an important role in liver injury induced by intestinal tissue. MPO assay is widely used to quantify the number of neutrophils in a tissue and serves as an index of inflammation, because MPO is an enzyme that is released mainly from Neutrophils (Krawisz et al., 1984) . Compared with the sham group, the liver MPO activity was increased in I/R group. Treatment of rats with 20 mg/kg and 40 mg/kg of Rb1 significantly decreased MPO activity compared with the I/R group (Figure 7) .
Effects of Rb1 on ICAM-1 expression in liver tissue by immunohistochemical analysis
Histological examination and MPO assay in liver tissue showed more extensive neutrophils infiltration in the I/R group. We therefore determined the effects of Rb1 on expression of the ICAM-1 required for neutrophils recruitment. ICAM-1 expression immunohistochemical analysis showed light brown immunostainging in the sham group. The significant positive expression of ICAM-1 with strong brown staining was observed in the I/R group. The expression of ICAM-1 was decreased in Rb1-20 and Rb1-40 group compared with I/R group. The data suggested that Rb1 markedly inhibited ICAM-1 expression in a dose-dependent manner (Figure 8 ).
Effects of Rb1 on NF-κB p65 expression in liver tissue
NF-κB is an important nuclear transcription factor which regulates TNF-α and ICAM-1 gene expression. Above data suggested that Rb1 could decrease TNF-α level and ICAM-1 expression and ablate liver injury induced by intestinal I/R. To elucidate the mechanism by which Rb1 decreased TNF-α level and ICAM-1 expression, we examined the effects of Rb1 on NF-κB p65 expression in liver tissue. Immunohistochemical analysis showed light brown immunostainging in the cytoplasm and no staining in the nucleus in the sham group. The significant positive expression of NF-κB p65 with strong brown staining in the cytoplasm and nucleus was observed in the I/R group. Administration of 20 mg/kg and 40 mg/kg Rb1 inhibited the expression of NF-κB p65 in liver tissue compared with I/R group ( Figure 9 ). Western blot analysis showed weak NF-κB p65 positive signals in the liver of sham group. In contrast, significant increase of the NF-κB p65 protein expression was found in the I/R group. Compared with I/R group, the signals were weakened in the Rb1-20 and Rb1-40 group. The data suggested that Rb1 markedly inhibited NF-κB activation with increasing dose of Rb1 (Figure 10 ). Thus, Rb1 inhibited the NF-κB activation in a dosedependent manner. These findings suggested the importance of NF-κB pathway in protective effects of Rb1 on liver injury induced by intestinal I/R.
Discussion
Intestinal I/R occurs not only in mesentery and intestinal diseases, but also in many clinical situations such as shock, hemorrhage, liver resection and transplantation, which is considered to be a critical and triggering event in the development of distant organ dysfunction.
The liver is the first injured 'distance' organ affected by intestinal I/R because of the washout of toxic substances from the reperfused intestine.
Traditionally, the mechanism of liver injury induced by intestinal I/R focused on the direct effect of toxic substances, including oxygen free radical, neutrophils, pro-inflammatory cytokines and adhesion molecules (Yao et al., 2007) . Many studies have demonstrated that inflammatory mediators are regulated by NF-κB, which is a key regulator of inflammatory gene expression in liver injury. In addition, Tian et al. have shown in a recent study that NF-κB plays an important role in the process of liver injury caused by intestinal I/R (Tian et al., 2006) .
Ginsenosides have been shown to have a wide variety of biological activities including immunomodulatory effects, antioxidant, anti-inflammatory and anti-tumor activity (Kenarova et al., 1990; Attele et al., 1999; Shibata 2001; Park et al., 2003) . A series of studies have demonstrated that Ginsenoside Rb1 effectively protects against cerebral, heart and lung ischemia/reperfusion injuries (Zeng et al., 2003; Geng et al., 2005; Li et al., 2005) . However, few reports have been published about the effects of Ginsenoside Rb1 on liver injury induced by intestinal I/R. In this study, we attempted to explore the possible protective role of Rb1 on intestinal I/R induced liver injury and its molecular events. So we focused the effects of Rb1 not only on the direct effect of toxic substances, including oxygen free radical (MDA), neutrophils (MPO), pro-inflammatory cytokines (TNF-α) and adhesion molecules (ICAM-1), but also on the NF-kB expression in liver tissue.
In this research, we used superior mesenteric artery occlusion method to establish intestinal I/R. After 1 h intestinal ischemia and 2 h reperfusion, Rb1 markedly ablated intestinal mucosa damage (Figure 2 ). The liver is the first injured distance organ affected by intestinal I/R. In this study, 1 h intestinal ischemia followed by 2 h reperfusion induced liver injury. ALT and AST levels of serum markers of liver function, as well as the liver histological scores was increased significantly in I/R group but improved in the Rb1-20 and Rb1-40 treated group (Figure 4) . These data suggested that Rb1 alleviated liver injury induced by intestinal I/R in a dose-dependent manner. The mechanism underlying the attenuation of intestinal I/R induced liver injury by Rb1 is the emphasis of this study.
Oxidative stress is one proposed mechanism for the development of I/R-induced damage. Lipidic peroxidation is frequently used to prove the involvement of free radicals in cell damage. MDA is one of the final products of lipidic peroxidation and several methods have been proposed for its determination. MDA can be dosed in both tissue and blood and its concentration is directly proportional to the cell damage caused by free radicals (Gutteridge et al., 1990) . So the MDA level indirectly reflects tissue or cell damage caused by free radicals. In the present study, MDA level was significantly increased in intestinal and liver tissue in I/R group. Treatment with 20 mg/kg and 40 mg/kg Rb1 decreased MDA level in intestinal and liver tissue (Figure 3) . Results indicated that there existed free radical damage in liver and intestinal tissue and Rb1 could attenuate liver and intestinal damage caused by free radical.
There is a growing body of evidence that incriminates PMNs in the pathophysiological progress of I/R injury. Neutrophils activation leads to remote organ injury due to adherence of circulating neutrophils to microvasculature in susceptible organs, especially liver (Horie et al., 1996; Kalia et al., 2003) . PMNs can cause tissue damage in several ways including secretion of proteolytic enzymes such as elastase from cytoplasmic granules, production of free radicals via a respiratory burst, and physical impairment of the microcirculation and thereby extension of ischemia. Neutrophils infiltration into tissues is commonly assessed by changes in activity of MPO, an enzyme found almost exclusively in neutrophils. The increased MPO activity in the liver tissue after intestinal I/R injury suggested activation of an inflammatory response. Furthermore, intestine-and/or liver-derived mediators, such as TNF-α, have been implicated as participants in the intestinal I/R-induced leucocytemediated liver response (Yao et al., 1995) . Previous work has shown that liver injury associated with intestinal I/R appears to be dependent on leucocyte adhesion and activation (Giakoustidis et al., 2006) . ICAM-1 play a key role in neutrophil chemoattraction, adhesion, and emigration from the vascularture to the tissue, contributing the systemic inflammatory response and organ injury. Adhesion molecule-specific monoclonal antibody treatment can attenuate intestinal I/R-induced leucocyte recruitment and hepatocellular dysfunction in animals (Horie et al., 1997) . In this study, we found the MPO activity, TNF-α level and ICAM-1 expression was increased in I/R group. Treatment with 20 mg/kg and 40 mg/kg Rb1 markedly decreased MPO activity, TNF-α level and ICAM-1 expression in liver tissue compared with I/R group (Figure 6-8) . These data suggested that Rb1 attenuated liver injury by decreasing MPO activity, ICAM-1 expression and TNF-α level in liver tissue.
NF-κB is a rapid response transcription factor in the cytoplasm and consists of two subunits of 50kDa and 65kDa that are bound to an inhibitor protein termed IkB. Because NF-κB activation can lead to enhanced expression of proinflammatory cytokines, chemokines and adhesion molecules, modulation of NF-κB activation may provide a direct way of inhibiting inflammatory mediators (Cong et al., 2002) . For that reason, control of NF-κB activation is a potential therapeutic strategy to reduce the untoward tissue damage. Directing drug discovery efforts towards NF-κB activation rather than towards any one of its many target genes could produce a much greater therapeutic benefit by inhibiting expression of the constellation of NF-κB-induced pro-inflammatory genes (Emery et al., 2001) . In our study, 1 h intestinal ischemia followed by 2 h reperfusion induced liver injury that paralleled the increased levles of serum markers of liver function, as well as the expression of NF-κB. This suggests that NF-κB activation is involved in the pathogenesis of liver injury induced by intestinal I/R. And Rb1 could attenuate liver injury by inhibiting NF-κB activation in a dose-dependent manner (Figure 9 , 10). So Rb1 decreased TNF-α level and ICAM-1 expression by inhibiting NF-κB activation. In the early stage of intestinal ischemia/ reperfusion, the gut barrier function is progressively damaged, and bacteria, endogenous endotoxin, bacteriotoxin and reactive oxygen species (ROS) invade into the circulation, and the low levels of ROS and inflammatory mediators can activate the expression of NF-κB (Xu et al., 2003) . In this research, Rb1 decreased MDA level in intestinal tissue and TNF-α level in liver tissue in a dose-dependent manner. So the possible mechanism of inhibitory effects of Rb1 on NF-κB activation might be related to antioxidant and antiinflammatory role of Rb1.
Taken together, the present study delivers important new insights to the molecular mechanisms of protective effect of Rb1 on liver injury induced by intestinal I/R. Our results indicated that Rb1 markedly attenuated liver injury by inhibiting NF-κB activation in liver tissue. The inhibition of NF-κB pathway may be involved in the protective effect. Although the precise mechanism by which Rb1 attenuates liver injury induced by intestinal I/R remains to be further clarified, understanding the pharmacological actins of Rb1 on liver injury may allow the development of novel therapeutic strategies for intestinal I/R induced remote organ injury. The next steps we need to take care to investigate the other mediators and other organ injury induced by intestinal I/R.
